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DYYALICS CF THE INLET? SYSTEX OF 4 FOUR-STROXE ENGILHE

By R. H. Boden and Harry Schecter

SUNHARY

Pests were run an a single-cylinder and a ouwltieyl-
inder four~stroko engine in order tc determine the cifect
of the dynanmics of the inlet system upen indicated mcan
cffective preassure,

Teats on the singlo~cylinder enginc wore =madl at
various snceds, inlet valve tinmings, and inlet pipe
longths, Thosc tests indicated that tho indicated mcan
vffcctive pressure could to raiscd conaideoradbly at any
enc spoed dy the uso of a suitably long iInlet pire.

Tcsts at other speocde with tiis length of pido showed
higher indicated mear offcctive pressuro %han with a vory
shor% pipe, although nost so hizh as conld ©e shtainad
with tho pipe length adjusted for cach speed. A gonsral
sclation was discoverod botwecen optimum tine of Inlas
valve eclosing and pipc length: namely, that longor pipes
ronuiro later inlot valve closing in order to o fullyr

cffcetive,

Tosts wor:. also made on tihreoe crlinders connctied
o single pipc., With this arrangcment, incrcascd volunc
ric cfficioncy at low spcod was ovbtainadlo ty using
long pipo, but only with a sacrifice of velumotric effi-
eiency at high spcod. Volumotric eofficlicney at nigh
spcod was progrossively lowor as tlo pipe longth was in-
creasod,

INTRCDUCTION

It has long boen recognized that tho volumctric of-
ficicncy and hence the mcan offective pressuro of an in-
tarrnal combustion onginc is affoetcd by thac dynanios of
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the inlet er:, (See references 1 to 19.) The presen
woTlk was rtalzen in order “c make a nore systezatic
and exten investigation than had been nade before,
and to t to devise a mathematical aralysis whien
wonld lea

nomena,

T1ie work was done under the ausvices of the Jaticnol
Advigory Committee for Aeronautics, The experimerntal
worc was done in the Sloan Automotive ILadoratory at the
Lassachusetts Institute of Technology urder the supervi-
sion of Frofessor X, S. Tarlor, A theorstical analysis of
this provlem may bde found in Item 4 of the Zidvliography,

AFPARATUS AND HETEOD

Single-Cylinder Z2ngine

The firs* vart of the expserimental work was dcne on
an JACA universal test engine (bore 5 in,, stroke 7 in.)

equipped for variadle valve timing (reference 20), Var-
iables were controlled as follows:

TUOL . v v 4 . 4+ s 4« & + 4 v B7?-0ctane aviation gasoline
Compression ratio (all Tums) « « &+ « & « o + o + + « o 5.0
Cooling water temperature (all runs) . . ., 175° to 185° ¥
fuel~air ratio {(each ran)., . . . . . . .set for bvest power
Spark timing (each speed). . . . . . . .set for vest power
Speed ., v . . 4 + 4+ « + + « « variadle, 1000 to 1600 rom
Inlet pipe length. variable, by increments 9 to 247 inches
Inlet pipe diameter . . « + « « +« + +» 2.56 or 1,88 inches
Inlet valve 1ift , e o« v 4 e e s w v s e« & G,3l2 inch
Zxhaust valve 1ift ., . e v+« o 0,275 irpel
Ixhaust opening (25° ) e e . . . 1539
Exhinust closing (25° A.2.C.) . . e 289

(Crank angles are measured fron dead center un-
less otherwise indicated.)

In order that the air flow should not Ye disturbed
by the restriction of a carburetor venturi, fuel was in-
jJocted directly into the cylinder for all tests,

Photographs of thc gceneral setup are given in flgure
1, and a diagramaatic sketch in figure 2, (Further ox-
perimontal details will be found in referonce 18.)
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One series of runs was made with a conatant "standard"®

"~ inlet valve timing as follows:
Inlet opening (25% BuTeCui) v v v v v v « « o » « » o 335°
. Inlet closing (25° A.3.C.) . . v v v v v o o « . . . 208°

A further series was made at constant speed (15CC
rpm) and variable inlet timing as follows?

Inlet opening (45° to 15°% 3.7,¢,) . . . . . 315° to 345°
Inlet closing (15° to 45° A,3.C.) . , « . . 195% to 225°

Measurements of %torque were made for each run, Z#ric-
tion was estimated by the usual method, "motoring" at
several speeds, JYrom the torque resulting from the addi-
tion of the measured torque to the motoring torque for
the same speed, the indicated mean effective »ressure
(imep) was computed and plotted in figures 3 to 5.

In addition to the foregoing measurenents. records
were taken of the pressure at the valve end of the inlet
~ pipe for all tests. In later tests where the valve tining
was varied, records also were taken of pressure in the
¢ylinder, These measurements were made by neans of the
e li.I,T., indicator (refercnce 2l), Sample diagrams are re=
produced in figure 6,

Pigure 7 shows a comparison of two curves of indlicaied
nmean effective pressure against pipe length, from two sets
of data taken at an interval of about five months., Dif-
ferent cyliander heads of the seme design were used. The
data for the curve markecd "Bead 1% was taken in one con-
tinuous run; while cach observation for the curve markod
"Head 2" was takon on a different day.

RESULTS

Single~Cylinder Zngine

: Yolumetric efficioney.~ Volumetric efficlienecy may de
> defined by the expression

V=27 p, 38 (1)

where
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"o . e e
u:lc.-\ PO

W mass of air taken in per unit time

f number of suction strokes per unit time
piston displacement of ons cvlinder

p, average inlet air density

E volumetric efficiency

Volumetric efficiency could te computed from a neas-
arement of air quantity in addition to the ordinary meas-
urements of speed, inlet pressure, and temperature; dut
in this work it was desirable to avoid the measursment of
alr, because tie presence of meters or orifices would dis~
turd the dynamics of the inlet system. On account of this
difficulty, and since only relative values wvere required,
it was decided to estimate the quantity of air from the

778 (W) (F) (n)
550 X 6C x.60

wower measurement. The indicated horsepower=

where VW is the mass of air consumed per hour, H is the
weating value of unit mass of air, and n 1is the indicated
thermal efficiency based on air; X and n are substan-
tially constant since spark aand fuel rate were adjusted for
best power. Under these conditionsg & is proportional to
indicated horsepower. JFrom this relation it follows that
volumetric efficiency is proportional to indicated meoan
nressure,

Effect of pipe length.~ Varying the length of the in=-
let pipe at constant speed results in curves of indicated
mean effoctive pressure against pipe length, as shown in
figures 3, 4, and 5, ZEssential characteristics of thess
curves aroc:

1, A gradually rising mean effcctive pressurc as pipe
length is increased from as short as possibdle
to a longth which givos a froquency ratio¥* of
slightly moro than 5

*The "frequency ratio" herc introduced is definod as
tho ratio of inlet pipoc frequency to valve frequency (in-
let pipe froquoncy bdoing the fundamental froguency of the
air column in the inlet pipe when tho valve is closcd and
valve froquency being half the enginc crankshaft frequon-
cy). Thus this frequency ratio is inversely proportional
to tho product of intake pipe length and engine speed,

H
{
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At least tharee distinct peaks, at freguency

L

of slightly more %tuan 5, 4, 3

3. A decrease in uean effective pressure
longer than that giving a freguency rati

Figure 8 is a set of records of pressure in
(near the inlet valve) and in thne crlinder, at 1300 r
Pipe length is 4he single independent variadle,

Zssential characteristics of the pressure in
pipe are:

!

l %
ol

1., Gradually increasinsg a
waves as vipe lengt

plitude
is incr
2, Occurrence of a pressure peax n
inlet closing, arriving later
of pipe is increased

The cylinder pressure records of figurc 8 show an
interesting pressurs minimunm during tho suction stroke
which moves to the rizght (i,e,, comes later in the stroxe)
as pipe length is increased, until tnhe number ocf pressure

waves per engine cycle changes., When this occurs, the
roint of minimum pressure returns to approximately its
original crank angle and again starts moving to the rigat
as the pipe length is increased.

FPigure 9 1s a set of pressure records taken from the
inlot pipe at 1220 rpm.

Effect of speed,- Figures 10 and 11 show the pressure
in the pipe for various engine spoeds, Similarity betwsen
these rocords and 4those of figurcs 8 and 9 is ¢vident,
When specd and pipe length are variced together so as to
&lve a constant frogquency ratio, the rosult is a sot of
vory similar curves with amplitude incrcasing approximately
in proportion to tic speed, Figure 12 is such a set of
curvoes, This suggests a plot of indicatod mean effcctive
prossure against frequency ratio for various values of
spoed as shown in figure 13. The first peak of indicated
rmecan offective pressure, which occurs at a frequency ratio
of approximately 3, decreoasces notably as spced incrcascs;
while the peak at 5 shows a much smaller variation, not
consistently in either direction,

Effect of valve timing.- The effect of the time of
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inlete~closing on indicated mean effective pressure is il-
lustrated in figures 4 and 5 which show indicated mean ef-
fective pressure against pipe length for various valve
tinmings, It will YbYe noted that late inlet-¢losing im-
proves the performance with long pipe lengths; wkile

early closing is better for shorter pipe lengths, This

is the result of later arrival of the pressurs wave after
bottom center which was noted in figure 8, Tigure 14 1s

a series of records taken with inlet closing for best
powver in each case, Note that the closing of the inlet
valve is slightly ahead of the pressure peak in all cases
except with the shortest three pipes where the pressure
peak 1s very close to bottom center, This is due to the
effect of piston motion, If a serles of compression
curves is plotted, starting with various inlet pressures
at bottom center and %these curves are suparimposed upon
the pressure wave in the pipe, a point of tangoncy is ob-
tained between one of the camprossion curves and tho pros-
sure 4n the inlet pipe, Provided the inertia of the air
in the valve is negligidle, this will bo the point at
whieh tho valve must bo closed in order to ontrap a maxi-
mum quantity of air, Suech compression curves have doen
drawn in figurc 14, The ac¢tual valve closing is somewhatl
later than the points of tangoncy because the valve re-
quires a finite time to closc and is effectively clesed
somewhat earlier, The differcnco tetwoen actual closing
and offectivo closing appoars to be about 10° at 1600 rpa,
This quantity would be expected to increase with speed,

A direct comparison of the pressures in the cylinder and
the pipe for different valve timings appears in figure 15,
The curves marked "A" (fig, 15) indicate that a difference
in timing may alter consideradly the pressure in the pipe.
In this case reverse flow induced by the plston motion
apparently reinforces the pressure waves.

Effect of inlet pipe dlameter.« Figure 16 i3 a plot

of indicated mean effective pressure against inlet pilpe
length for a pipe approximately half the area of the pipe
used in the other tests, The suppression of the reaks of
t?e curve is noetable in the case of the small diameter
Plpe,

Figure 17 shows the pressure waves in the small di-
ameter pipe, for various lengths., On comparing these
with filgure 8, it is noted that the amplitude is greater
in the case of the small pipe and that the pressure wave
arrives later after bottom center, which indicates that
a later timing might be expected to give higher indicated

H
H
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mean effective pressure with the small pipe. Figure 18 is
a direct comparison of the pressure in the pipe and the
cylinder for a small and a large pipe of the sanme length,
The points noted here are avident in this flgure,

APPARATUS ANWD UETHOD

Multicylinder Engine

Additional experimental work was carried out to de-
termine the effect of having several cylinders connected
to the same inlet pipe. The engine used for these tests
was a six-cylinder Chrysler automobile engins, Engine
data follows:

Serial No. *« & e v e . o o v @ G121332
Bore .+ « o o o+ o s . e e e . . 3% inches
BETOK® . o o « o o o o . . 4% inches
Displacement (total) 220 cubic inches
Valve timing:

Exhaust opens, . . '

Exhaust closes . . e e

Inlet opens . .« + &+ &+ « e e e

Inlet closes . , « o o o v e e s

The eylinders of this engine were manifolded together in
two groups of three within the eylinder-block casting as
ghown in figure 15, One group of three cylinders was
separated from the other and was provided with separate
inlet and exhaust connections, This group was used merely
as an alr pump, the remaining group of three cylinders
being used to supply power %o operate the air pump (fig,
20), Thus the three cylinders under investigatlion were
motored without firing., They were arranged so that var-
fous lengths of inlet pipe could de attached to the inlet
opening common to the three cylinders., The ailr exhausted
by the three cylinders was led to a receiver, and the flow
(volume per unit time) was measured by an NACA Roots type
supercharger, This flaw, corrected for temperature, was
used to caloulate tho volumetric efficiency. (Correction
for pressure was found unnecessary.) This method of test
was justified by Mueller (reference 14), who showed that
the curve of volumetric efficiency against pipe length,
obtained by this method on a single-cylinder engine, was
similar to the curve of indicated mean effective pressure
against pipe length when the engine was firing, The




comparison of these curves taizex fron reference 14 is re-
produced in figure 21, Indicator diagrans were made of
the pressure in one of the three motoring cylinders, and
in the inlet pipe, as near as Dossible t0 the engine,

RESULTS

imlticylinder 3ngine

Curves of velumetric efficiency against speed for
various pipe lengtis, and of volumetric efficiency agains
vipe length* for various speeds are reproduced in figures
22 and 23. It is instructive %o note that, wnile volumet~-
ric efficiency at low speed may be improved 3y the use of
a long pipe, the improvement is at the expense of volumoet-
riec efficiency at high speed, Volumetric efficiency at
aigh speed was not improved by additional inlet pipe
length.

+
v

24) re-

A study of the pipe pressure diagrams (fig,
me fre-

&
a

i
veals the interesting fact that all show the s
quency, the frequency of the suction stroxes,

Figure 25 showing pressures in a 72-inch nipe for
various speeds indicates phase shift as expected from
theoretical considerations, The last diagram of this fig
ure shows the higher modes of vidration of the air column
in the pipe being excited, as would be expected,

CONCLYSIOIS

On the basis of the foregoing experimental investi-
gation, the following conclusions may be drawn:

1, The pressure waves in 1let pipe are of suf-
ficient amplitude to affect th ing process (and
hence the mep) consideradbly.

2, Tor a single-cylinder engine running at a given
there are three distinct optimum lengths of inlet
, with which the mean effective pressure is of the

*'Pipe length" for the multicylinder engine 1s meas-
ured from the flange on the cylinder block,
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order of 15 to 20 percent nigher than it is when no inlet
pipe is used. These optimum pipe lengtizs are slightly
less than 30 ¢/Nq where c¢ is the velocity of sound in
feet per second, ¥ is the engine speed in revolutions
per minute, and ¢q 1is 3, 4, or 5.

3., For a single~cylinder engine, a fixed pipe lengtih
glightly less than &6 c¢/Ny (where N, 1is the highest
operating speed) gives a higher mean effective pressure
than no inlet pipe, for all operating speeds, although
not as high as can be obtained with pipe length ad justed
for each speed.

4, For a given engine speed and inlet pipe length,
full advantage of the pressure waves in the pipe can Dde
obtained only by sultable inlet valve timing, especially
by proper cholce of the time of inlet closing;. longer
pipes requiring later closing.

5. When three ¢ylinders are connected to a single
pipe, the best volumetric efficiency at high speed is ob~

tained with the minimum length of pipe.

Massachusetts Institute of Technelogy,
Cambridge, Mass., January 1938,
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